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In re cent years, ex tended stud ies are de vel oped for in ves ti ga tion the ef fects of us ing
nanofluids in NPP as cool ant. CANDU-6 re ac tors have the po ten tial to use nanofluid cool -
ants be cause in these re ac tors, the mod er a tor sys tem is fully in de pend ent of the pri mary heat
trans port sys tem. MCNPX code has been used for mod el ling and sim u la tion of a CANDU-6
re ac tor con tain ing a nanofluid as pri mary cool ant. The vari a tion of mul ti pli ca tion fac tor and
to tal neu tron flux dis tri bu tion along a fuel chan nel, next to the cen tral axis, has been in ves ti -
gated by us ing dif fer ent nanofluids. In this anal y sis, heavy wa ter-based nanofluids con tain ing
var i ous vol u met ric per cent ages of Al2O3, TiO2, CuO, Ti, Cu, Zr, and Si nanoparticles were
used. A typ i cal CANDU-6 re ac tor was se lected as ref er ence for re ac tor core mod el ling. The
re sults of the neutronic anal y sis show that Al2O3 nanofluids with 1% vol u met ric per cent age
are the most suit able cool ant for CANDU-6 re ac tors which can in crease the cool ant heat
trans fer co ef fi cient and con se quently en hance the plant ef fi ciency.
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IN TRO DUC TION

Eco nomic as pects of elec tric ity gen er a tion (i. e.
price ex pressed in dol lars per gen er ated elec tric en -
ergy kWh) in power plants have al ways been the most
chal leng ing is sue in se lect ing the type of the power
plants (in clud ing fis sile fu elled, nu clear re ac tor, wind
farm, etc.) in in dus trial coun tries. A con sid er able ef -
fort has been de voted to de velop the power plant de -
sign and re duce the elec tric ity pric ing in each type, in
or der to at tract the in ves tors. In this man ner, de vel op -
ment and use of nu clear en ergy is cur rently grow ing
very rap idly, in or der to achieve in creas ingly ad vanced 
tech nol ogy, both in terms of de sign, eco nomic fac tors
and safety fac tors [1]. 

Eco nomic stud ies con ducted on nu clear re ac tor
power plants show that ~65 % of the to tal power cost is 
re ferred to the cap i tal cost of the power plant it self (in -
clud ing build ings, re ac tor core, safety fea tures, etc.)
[2]. There fore, a rea son able method to re duce the elec -
tric ity pric ing in nu clear power plants would be in -
creas ing the power den sity (i. e., power pro duced per
unit vol ume of the re ac tor core) of the nu clear re ac tors; 
that means ex tract ing more en ergy from an ex ist ing re -
ac tor or re duc ing the phys i cal size of fu ture nu clear re -

ac tors which may con sid er ably re duce the to tal cost of
nu clear power.

The most im por tant sub ject in high heat flux sys -
tems, such as nu clear re ac tors, is the heat trans fer
method. Con sid er ing the above men tioned is sue (in -
creas ing the power den sity), se lec tion of the heat
trans fer method (cool ant it self, and heat re moval sys -
tems), will be even more chal leng ing. The most im por -
tant in trin sic lim i ta tion con sists of the rel a tively low
ther mal con duc tiv ity of con ven tional cool ant flu ids.
About two de cades ago, the con cept of com bin ing a
con ven tional fluid with a metal (with high ther mal
con duc tiv ity) was in tro duced to the sci en tific com mu -
nity [3], called nanofluid, to enhance the thermal
conductivity of conventional fluids.

Re cent stud ies showed that nanofluids can be ap -
plied as an al ter na tive for the nu clear re ac tors cool ant
or, as a safety sys tem cool ant to cover the core in the
event of ac ci den tal loss of cool ant [4]. In fact, en hance -
ment of the crit i cal heat flux (CHF) is the main fac tor
which en cour ages the de sign ers and/or re search ers to
in ves ti gate dif fer ent as pects of ap ply ing a nanofluid in
the con ven tional sys tems. Yet, there have been done a
num ber of stud ies about ap ply ing a wa ter base
nanofluid as cool ant in pres sur ized wa ter rec tors
(PWR) [5]. 

The nu clear as pect of ap ply ing a nanofluids in
the LWR re ac tors have been stud ied in var i ous lit er a -
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tures, but us ing of nanofluids in the PHWR re ac tors
have not yet been in ves ti gated. Ac cord ing to the Zarifi
et al., 2012 re port [6], by in creas ing the vol ume per -
cent age of nanoparticles, the ef fec tive mul ti pli ca tion
fac tor will be in ten sively re duced due to the re duc tion
of neu tron mod er a tion ra tio in the re ac tor core. The
mul ti pli ca tion fac tor re duc tion has a smooth slope
with alu mina nanoparticles be low 0.1 vol. % and the
re ac tor can re main in the crit i cal state [6]. In this re -
search, MCNPX 2.6.0 code is used for neutronic anal -
y sis of the CANDU-6 re ac tor with var i ous nanofluids
as cool ants. 

MATERIAL AND METHODS

The neutronic lit er a ture re view of CANDU-6 re -
ac tor (core lay out, op er a tion and safety as sess ment)
in di cates that the fre quently ap plied method is Monte
Carlo N-Par ti cle (MCNP) neu tron trans port model. In
this study, the MCNPX 2.6.0 has been ap plied as a
proven par ti cle trans port code with the ca pac ity to
mea sure steady-state re ac tion rates and other
neutronic parameters. 

The neu tron flux and ef fec tive mul ti pli ca tion
fac tor were cal cu lated by neutronic anal y sis of
CANDU-6 re ac tor core in clud ing 380 fuel chan nels
us ing MCNPX 2.6.0 code. Fig ure 1 shows a typ i cal
CANDU fuel chan nel. The calandria tube, made of
zircalloy-2, is in serted in D2O mod er a tor. Fuel chan -
nels are set in a square con fig u ra tion in the core.

The heat gen er ated in the fuel rod is trans ferred
to the power con ver sion sys tem via D2O cool ant. Pres -

sure tube is made of Zr-Nb. D2O cool ant en ters the
tube  at  266 °C  and  leaves  at 310 °C at a pres sure of 10 
MPa. The gap is filled with CO2 gas. In the CANDU
re ac tor, each fuel chan nel in cludes 37 fuel rods in the
fuel bun dle zone, as shown in fig. 2. 

Ac cord ing to core de sign con cept, the se lected
clad ding ma te rial is zircalloy-4. Ta ble 1 rep re sents the
main core de sign pa ram e ter of CANDU-6 re ac tor [7]. 

The pitch be tween two ad justed neigh bour ing
chan nels is 28.575 cm with 22 hor i zon tal rows and 22
ver ti cal col umns. The ge om e try pro duced in MCNPX
code is dem on strated in fig. 3.

Fig ure 4 shows chan nel con fig u ra tion, ma jor
calandria di men sions and pat tern of re ac tor re ac tiv ity
mech a nisms above the core. The re ac tiv ity con trol de -
vices con tain 28 shut off rods (SOR), 21 ad just ers
(ADJ), 6 zone con trol units (ZCU), and 4 me chan i cal
con trol ab sorb ers (MCA) [8].
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Fig ure 2. Lay out of 37 fuel rods in the bun dle
(dimensions are in milli metres)

Table 1. Design data of CANDU-6 core and fuel

Number of fuel channels 380

Lattice pitch 28.575 cm (square)

Inner radius of calandria 379.7 cm

Length of fuel channels 594.4 cm

Reactor core radius 314.3 cm

Reflector thickness 65.6 cm

Number of adjuster rods 21

Number of light water control zone units 6

Fuel pin

– Number of pins 37

– Fuel pin radius 0.608 cm

– Cladding radius 0.648 cm

Pressure tube

– Inner radius 5.179 cm

– Outer radius 5.163 cm

Calandria tube

– Inner radius 6.450 cm

– Outer radius 6.590 cm

Fuel density 10.492 gcm–3

Clad density 6.520 gcm–3

Pressure tube density 6.515 gcm–3

Coolant D2O purity 99.10 [wt.%]

Moderator D2O 99.85 [wt.%]
Fig ure 1. Cross-sec tional view of the fuel chan nel
(dimensions are in centi metres)



The ref er ence bench mark CANDU-6 MCNP
model in this study in cludes two con trol de vices: 21
ad just ers (ADJ) and 6 zone con trol units (ZCU), as de -
picted in fig. 5. 

The ad juster rods are placed per pen dic u lar to the 
fuel chan nels, re peated ax i ally in 3 rows of 7, as dem -
on strated in fig. 6. The ma te rial com po si tion and
atomic data for the ad juster rod al loy (Stain less Steel
type 304 L) are given in tab. 2 [9].

The di men sions of the in ner and outer ad juster
rod parts are given in tab. 3 [10].

Zone con trol ler units ad just the re ac tor power at
each zone by chang ing the amount of light wa ter in
each sec tion. In this pa per, the con sid ered zone con -
trol ler  units  are  as sumed  to  be  filled  par tially with
50 vol. % of light wa ter (fig. 7).

Cal cu la tion of neu tron mul ti pli ca tion fac tor in re -
ac tor core was car ried out by us ing KCODE and KSRC
card in MCNPX. In this man ner, 8 neu tron sources were
de fined in re ac tor core and 400 cy cles with 400,000 ini -
tial par ti cles were con sid ered in cal cu la tions. The ef fec -
tive mul ti pli ca tion fac tors were eval u ated in 4 dif fer ent

cases as listed in tab. 4 and were com pared with those re -
ported in IAEA-TECDOC-887 [11].

Three-di men sional ther mal neu tron flux den sity
dis tri bu tion for the CANDU-6 is ob tained by us ing F4
card in MCNPX and is shown in fig. 8.

Fig ure 9 rep re sents the two-di men sional graph
of the whole-core ther mal neu tron flux den sity of
CANDU-6 re ac tor. The po si tions of the ad juster rods
and zone con trol ler units in the core are readily rec og -
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Fig ure 3. Cross-sec tional view of the CANDU-6 re ac tor
core mod elled by MCNPX code near the re ac tor end face

Fig ure 4. Top view of the re ac tor
show ing the lay out of re ac tiv ity
de vices

Fig ure 5. Top view of the CANDU-6 MCNP model (near
the hor i zon tal mid-plane)

Fig ure 6. CANDU-6 re ac tor model ver ti cal
cross-sec tional view with ad juster rod clus ter lay out



niz able and show the ac cu racy of the mod el ling. The
pres ence of these con trol de vices cause the neu tron
flux den sity in the core to flat ten out.

RESULTS AND DISCUSSION

CANDU-6 re ac tor con sists of two sep a rated
cool ant loops (pri mary and sec ond ary). The pri mary
loop in cludes pres sur ized sin gle phase heavy wa ter

cool ant which is suit able to ap ply a nanofluid as cool -
ant in or der to en hance the heat trans fer co ef fi cient and 
plant ef fi ciency.

As it was men tioned, neutronic cal cu la tions in re -
ac tor core were per formed with MCNPX code. The
achieved re sults showed a good agree ment with those re -
ported in IAEA-TECDOC-887, tab. 4 [11]; which, in
turn, in di cates the ac cu racy of sim u la tion. Af ter com par -
ing the cal cu lated re sults (MCNPX out puts) of neu tron

R. Mirghaffari, et al.: Neutronic Sim u la tion of a CANDU-6 Re ac tor with Heavy ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2017, Vol. 32, No. 4, pp. 320-326 323

Ta ble 2. Com po si tion and atomic data of stain less steel
type 304 l

El e ment Weight frac tion
[%]

Mass den sity
[gcm–3]

Atomic weight
[g]

Car bon 0.035 1.60 12.011

Man ga nese 1.5 7.20 54.94

Phos pho rus 0.04 1.82 30.975

Sul phur 0.30 2.07 32.066

Si1icon 0.75 2.42 28.09

Nickel 10.5 8.90 58.71

Chro mium 19.0 7.10 52.01

Iron 67.875 7.86 55.85

Ta ble 3. Ad juster rod di men sions

In ner el e ment [cm] Outer el e ment [cm]

Shim OR 0.650 0.710

Steel tube IR 3.607 3.607

Steel tube OR 3.725 3.690

Guide tube IR 4.519 4.519

Guide tube OR 4.572 4.572

Fig ure 7. CANDU-6 re ac tor model ver ti cal
cross sec tional view with zone con trol ler lo ca tions. 

Fig ure 8. 3-D graph of the
whole-core ther mal neu tron flux den sity
of CANDU-6 re ac tor

Ta ble 4. The keff val ues of the pres ent model and the ref er ence re sults

Com puter codes used Ref er ence case with given
burnup dis tri bu tion Fresh core Adjustes with drawn

out of the core
Zone controlles

empty

PP – V + MULTICELL + FMDP (Ro ma nia) 0.9988 1.0725 1.0916 1.0761

PP – V + MULTICELL + CHEBY (Ro ma nia) – 1.0707 1.0907 1.0749

MCNPX 2.6 (pre sent model) 1.0002 1.0796 1.0932 1.073

Stan dard de vi a tion 0.00025 0.00023 0.00028 0.00023

Fig ure 9. Two-di men sional graph of the whole core
ther mal neu tron flux den sity of CANDU-6 re ac tor



flux den sity in CANDU-6 re ac tor for pure heavy wa ter,
the in flu ence of the pres ence of  nanoparticles (Cu, Ti,
CuO, TiO2, Zr, Si, and Al2O3) in heavy wa ter cool ant, in
the pres sure tubes, on neu tron flux den sity and keff, were
in ves ti gated. The vol u met ric per cent ages of the
nanoparticles vary be tween 0.001 % and 10 %. The
neutronic pa ram e ters, such as ef fec tive mul ti pli ca tion
fac tor and neu tron flux den sity for the fuel bun dle in the
calandria tube next to the cen tral axis of the re ac tor core,
have been cal cu lated and the re sults are shown in figs.
10-17. Fig ure 10 shows the vari a tion of keff for dif fer ent
nanofluids. It can be seen that in creas ing the nanopar ti -
cles con cen tra tions within the pres sure tubes, the ef fec -
tive mul ti pli ca tion fac tor strongly de creases. Due to the
dif fer ent ab sorp tion cross-sec tion of each nanoparticle,
dif fer ent val ues for keff are ex pected. The nanoparticles of 
Al2O3 and Cu have the low est and high est im pacts, re -
spec tively, on the re duc tion of the ef fec tive mul ti pli ca -
tion fac tor. By in creas ing nanoparticles con cen tra tion,

the neu tron ab sorp tion in the mod er a tor is in creased and
con se quently, keff and the re ac tor power un dergo a de -
crease.

The vari a tion of neu tron flux den sity in 12 fuel
bun dles in fuel chan nel next to the cen tral axis of the
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Fig ure 10. Vari a tion of the keff for 7 nanoparticles with
dif fer ent vol ume frac tions in the cool ant

Fig ure 11. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
0.5 vol. % 

Fig ure 12. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
1 vol. % 

Fig ure 13. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
2 vol. % 

Fig ure 14. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
4 vol. % 

Fig ure 15. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
6 vol. % 

Fig ure 16. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
8 vol. %



CANDU-6 re ac tor core, with dif fer ent vol u met ric per -
cent ages of nanoparticles, are shown in figs. 11-17. 

As shown in figs. 11-17, by in creas ing the con -
cen tra tion of nanoparticles, there will be a rise in loss
of neu tron flux den sity. The re duc tion of neu tron flux
den sity in cen tral fuel bun dles is more ev i dent than in
fuel bun dles at ei ther end of the fuel chan nel, i. e., the
ef fect of nanoparticles at high vol u met ric per cent ages
is more sig nif i cant at higher neu tron flux den sity
zones. The re duc tion of neu tron flux den sity in fig ures
15-17 for Cu and Ti nanoparticles, in com par i son with
other nanoparticles, are quite no tice able. This is be -
cause of their higher mass den si ties, giv ing rise to
larger weight frac tions on the same vol u met ric ba sis. It 
can be ob served that add ing the nanoparticles of alu -
mina and silica to the cool ant has a less sig nif i cant in -
flu ence on the re ac tor power. At the same time, copper
nanoparticles, hav ing high neu tron ab sorp tion
cross-sec tions, lead to more sig nif i cant drop in neu -
tron flux den sity and con se quently, re ac tor power.

CONCLUSIONS

Neutronic anal y sis has been per formed to as sess
the pos si bil ity of uti li za tion of nanofluids as cool ant in
the CANDU-6 re ac tors. In this study, the heavy wa -
ter-based nanofluids with nanoparticles such as Cu, Ti, 
CuO, TiO2, Zr, Si, and Al2O3 have been used with the
vol u met ric per cent ages in the range 0.001 %-10 %.
The re sults show that by in creas ing the vol ume frac -
tion of nanoparticles in the cool ant of CANDU-6 re ac -
tor, keff, neu tron flux den sity and re ac tor power de -
crease. The nanoparticles Si and Al2O3, with the
vol u met ric per cent age be low 1 % in the cool ant of
CANDU-6 re ac tor, are ob served to have less im pact
on the ef fec tive mul ti pli ca tion fac tor and neu tron flux
den sity than Cu, Ti, CuO, TiO2, and Zr nanoparticles.
It should be noted that in the con trary with PWR, the
cool ant and mod er a tor in CANDU-6 re ac tor are phys i -
cally sep a rated. There fore the over all neutronic ef fect
of ap ply ing a nanofluid cool ant in CANDU-6 is less;
thus, a higher vol ume per cent age of nanoparticle can
be used (1 % in CANDU-6 in stead of 0.1 % in PWR)
[5].

Ac cord ing to phys i cal prop er ties of nanoparticles
[12], Al2O3 nanoparticles have a higher ther mal con -
duc tiv ity com pared to Si nanoparticles; there fore, it is
sug gested to ap ply Al2O3 nanofluid in the re ac tor core
as cool ant [6]. Fur ther more, the pres ence of
nanoparticles such as Cu and Ti, even in low con cen tra -
tions, are harm ful and have neg a tive ef fects on the ef -
fec tive mul ti pli ca tion fac tor and neu tron flux den sity.
The re sults of this study do not rec om mend us ing these
ma te ri als as prac ti cal cool ants in CANDU-6 re ac tors.   

AUTHORS' CONTRIBUTIONS

The main idea of ap ply ing a nanofluid cool ant in
CANDU-6 re ac tor was put for ward by G. Jahanfarnia,
the cal cu la tions were done by R. Mirghaffari, and
anal y sis and dis cus sion were car ried out by R.
Mirghaffari. The manu script and fig ures were pre -
pared by R. Mirghaffari and were re vised by G. 
Jahanfarnia and M. Athari Allaf.

REFERENCES

[1] Ramadhan, A. I., et al., Ef fect Anal y sis of Vol ume
Frac tion of Nanofluid Al2O3-Wa ter on Nat u ral Con -
vec tion Heat Trans fer Co ef fi cient in Small Mod u lar
Re ac tor, Wo. J. of Nu clear Sci ence and Tech nol ogy,
(2016), 6, pp. 79-88

[2] Buongiorno, J., Hu, L. W., Nanofluid Heat Trans fer
En hance ment for Nu clear Re ac tor Ap pli ca tions, Pro -
ceed ings, ASME 2009 2nd Mi cro/Nanoscale Heat &
Mass Trans fer In ter na tional Con fer ence, ASME
517-522, Shang hai, China, De cem ber 18-21, 2009

[3] Choi, S. U. S., De vel op ments and Ap pli ca tions of
non-New to nian Flows, Amer i can So ci ety of Me chan i -
cal En gi neers, (1995), pp. 99-105

[4] Mirghaffari, R., Jahanfarnia, G., Spa tial Dis tri bu tion
of Nanoparticles in PWR Nanofluid Cool ant Sub -
jected to Lo cal Nu cle ate Boil ing, Kerntechnik, 81
(2016), 6, pp. 609-615

[5] Zarifi, E., et al., Neutronic Sim u la tion of Wa ter-Based 
Nanofluids as a Cool ant in VVER-1000 Re ac tor,
Prog ress in Nu clear En ergy, 65 (2013), May,  pp.
32-41

[6] Zarifi, E., et al., Neutronic Anal y sis of Nanofluids as a 
Cool ant in the Bushehr VVER-1000 Re ac tor,
Nukleonika, 57 (2012), 3, pp. 375-381

[7] Ab dul Motalab, M., et al., De tailed Monte Carlo Eval -
u a tion of the Power Co ef fi cient of Re ac tiv ity of
CANDU Re ac tor, Trans ac tions of the Ko rean Nu clear
So ci ety Spring Meet ing, Jeju, Ko rea, May 29-30, 2014

[8] Cho, D. K., et al., Sen si tiv ity of Phys ics Pa ram e ters
for Es tab lish ment of a Burned CANDU Full-Core
Model for De com mis sion ing Waste Char ac ter iza tion, 
Jour nal of Nu clear Sci ence and Tech nol ogy, 48
(2011), 2, pp. 215-226

[9] Bertachas, Y., Ad juster Rod De sign in a CANDU Re -
ac tor and Flux Dis tri bu tions Due to an Ar bi trary
Source of Neu trons, M. Sc. the sis, De part ment of En -
gi neer ing Phys ics McMaster Uni ver sity, Ham il ton,
Ont., Can ada, 1978

[10] Pounders, J. M., et al., A 3-D Styl ized Half-Core
CANDU Bench mark Prob lem, An nals of Nu clear En -
ergy, (2011), 38, pp. 876-896

R. Mirghaffari, et al.: Neutronic Sim u la tion of a CANDU-6 Re ac tor with Heavy ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2017, Vol. 32, No. 4, pp. 320-326 325

Fig ure 17. Neu tron flux den sity dis tri bu tion along a fuel
chan nel next to the cen tral axis for seven nanoparticles in 
10 vol. %



[11] ***, AEOI, In-Core Fuel Man age ment Benchmarks
for PHWR, IAEA-TECDOC-887, Vi enna, 1996

[12] Lomascolo, M., et al., Re view of Heat Trans fer in
Nano Flu ids: Con duc tive, Con vec tive and Ra di a tive

Ex per i men tal Re sults, Re new able and Sus tain able
En ergy Re views, 43 (2015), March, pp. 1182-1198

Re ceived on June 6, 2017
Ac cepted on Oc to ber 4, 2017

R. Mirghaffari, et al.: Neutronic Sim u la tion of a CANDU-6 Re ac tor with Heavy ...
326 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2017, Vol. 32, No. 4, pp. 320-326

Reza MIRHAFARI, Golamreza JAHANFARNIJA, Mitra ATARI ALAF

NEUTRONSKA  SIMULACIJA  CANDU-6  REAKTORA  HLA\ENOG
NANOTE^NO[]U  NA  BAZI  TE[KE  VODE

U posledwe vreme do{lo je do razvoja obimnih studija u kojima se ispituje primena
nanote~nosti kao sredstva za hla|ewe u nuklearnim elektranama. CANDU-6 reaktori imaju
mogu}nost primene nanote~nosti kao sredstva za hla|ewe jer je kod ovih reaktora moderatorski
sistem potpuno nezavisan od primarnog sistema za prenos toplote. Primenom programskog paketa
MCNPX modelovan je i simuliran rad CANDU-6 reaktora sa nanote~no{}u kao primarnim
hladiocem. Ispitivana je varijacija multiplikacionog faktora i raspodela ukupnog neutronskog
fluksa du` gorivnog kanala pored centralne ose, za razli~ite nanote~nosti. Analizirane su
nanote~nosti zasnovane na te{koj vodi sa dodatim nano~esticama Al2O3, TiO2, CuO, Ti, Cu, Zr i Si, u
razli~itim procentima ukupne zapremine. Kao referentni model reaktorskog jezgra odabran je
tipi~ni CANDU-6 reaktor. Rezultati neutronske analize pokazuju da nanote~nost sa dodatim 1 %
nano~estica Al2O3 ukupne zapremine predstavqa najprikladnije sredstvo za hla|ewe CANDU-6
reaktora, jer mo`e pove}ati koeficijent transfera toplote i time poboq{ati efikasnost rada
elektrane. 

Kqu~ne re~i: nanote~nost, CANDU-6, MCNPX, neutronska analiza


